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SUMMARY

An experimental and analytical investigation currently in
progress, on the creep of metals in the primary, iow strain region
after an incremental change in stress occurs, is described.

Metals being studied are commercially pure aluminum sheet and

AU-4G| aluminum-alloy sheet. Details of the experimental set-up and
procedures are presented, as well as mefhod§ used in data reduction.
Preliminary results of creep tests conducted on commercial ly pure
aluminum at 200°C (392°F) indicate agreement with a linear
viscoelastic analysis proposed in the literature. The direction

of future work in the research program is indicated.
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INTRODUCT | ON

Structural components of vehicles which are subject to aerodynamic
heating for sufficient time may undergo significant creep deformation. In
recent years considerable researgh has been carried out in the field of
creep on problems involving varying load and temperature conditions (Refs.
I-12), since structural components are generally subjected to unsteady loads
and temperatures during service. The approach used in such research has usually
been of semi-empirical nature, because relatively large variations in creep
conditions fundamentally disturb the internal equilibrium of the materials
considered, and render more basic analyses unfeasible. Also many such
investigations have been concerned with large values of strain that are

general ly beyond the range of usual interest for aircraft structures,

In Refs. 13 and 14 results were reported of studies in which materials
in tensile creep in the low range of strain at constant temperature under-
went incremental changes in stress. The small changes in stress djd not
disturb the equilibrium of the material appreciably, and a degree of linearity
of the maferial behavior was observed. A more fundamental creep law could

thus be ascertained for the effect of the stress increment on creep behavior.

In the present invesfiga?ion the work in Ref. 14 is being extended by
further developménf of +he method of analysis suggested there and application
to data obtained from engineering materials. A study is being conducted of
primary stage tensile creep of comercially pure aluminum and an a[uminum al loy
at constant elevated temperature. Material creep data obtained affer an in-

cremetal change in applied load are used in order to determine the values of
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constants appearing in the linear viscoelastic type of relation developed
analytically in Ref. 14, and the degree of linearity of the material
behavior is thus determined. During creep tests measurements of static
modulus are being made and also of the dynamic modulus and internal damping
of the material (Ref. 15 and 16), by use of vibration techniques, in order
to determine the variation of material proper?jes during the tests and to

relate. this variation to the shape of the creep curve.

This report summarizes the progress made on the program during the first
nine months of work under NASA Research Grant NGR - 52 ~ 012 - 002. Most of
Thi§ period was devoted to development of experimental equipment and technique,
and preparation of procedures for analysis of data. Details are presented here-
in, as well as a discussion of some early results obtained from creep tests of

comercially pure aluminum specimens.



TEST SPECIMENS

Test specimens were machined from a sheet of commercially pure
aluminum of 4mm (0.158 in.) nominal thickness. Results of chemical
tests performed on a sample of the sheet show its composition to be as

in the following table:

CHEMICAL COMPOSITION OF COMMERCIALLY PURE ALUMINUM
SHEET MATERIAL

Element Fe Si Cu Mn Zn Al
Percent by 0.40 0.14 < 0.1 < 0.05 < 0.l remainden
Weight

Dimensions of the test specimens are shown in Figure |. The reduced
section was machined fo a nominal width of 12.5mm.(0.493 in.), due care
being taken to preserve symmetry and parallelism of the machined edges with
respect to the center-line of the specimen. The nominal length of the
reduced section was 245 mm. (9.65 in.). The sheet faces of the specimens
were not machined, Five holes were provided in the wide end-sections of the
specimens for clamping to heavy tension grips. With this type of test specimen
the entire reduced section acts as a clamped-clamped beam when lateral force

is applied to the beam. (See Ref. 16).

After being machined the specimens were exposed to a temperature of
590°C(1100°F) for approximately two hours, and were then allowed to cool in

the annealing furnace. This heat treatment resulted in fully annealled test



specimens. When annealling of the specimens was complete the dimensions

of the reduced section of each specimen were carefully measured and a
selection was made according to the condition of the faces of the specimens.
Specimens whose faces were particulariy free of any scratches were reserved

for tests in which dynamic measurements were to be included.

TEST EQUIPMENT AND [INSTRUMENTATION

The test equipment used in the program consists of a creep-testing
machine and a system for applying static and dynamic bending loads to the
test specimen. Outputs of the load, strain and temperature transducers

are recorded on various autographic recorders.

Creep-Testing Machine

The creep-testing machine shown in Figure 2 was designed to apply
deadweight leads of up to 2500 kg.(5500 ib.) in tension vith the aid of
a beam-loading mechanism. Two points are provided for attachment of the
weight-cage, with lever-arm ratios of 20:t and 5:!. The shorter lever-
arm permits more accurate load control at smail loads. Hardened knife-edges
are used at the pivot of the beam, and at the specimen and weight-cage

attachment points. The beam and weight-cage are balanced by a counterweight.

The weight-cage rests on a screw-jack. Load is applied to the test

specimen by gradually lowering the jack until The weight-cage hangs free.

The ends of the test specimen are clamped in heavy tension grips,



so that the specimen behaves as a clamped-clamped beam when subjected to
lateral vibration. The steel grips, which weight approximately 5.9 kg.
(13 1b.) each, as compared to approximateiy 35 gm.(1.25 oz.) for the
specimen, are hinged through their center of gravity, the axis of the
hinge lying parallel to the sheet-faces of the specimen. Additional
hinged connections are located above the upper grip and below the lower
grip, perpendicular to the direction of the grip hinges, in order to
permit complete freedom of movement in the horizontal plane. Various
parts of the loading |inkage were coated with cadmium or aluminum paint

for protection against corrosion.

Test Furnace and Control

The tubular furnace used in the creep-testing machine (see Figure 2)
is 320 mm.(10 in.) in length, with an internal diameter of 75 mm.(3 in.).
The furnace has a capacity of 1000°C (1832°F). Temperature control is
achieved by use of a variable pimetallic type of servomechanism, which
s inserted through the furnace wail at the midpoint. The controller
operates a relay which regulates the power supplied to the three heating
elements in the furnace. A rheostat controls the total power to the
furnace in accordance with the desired temperature, and power to each of
the heating elements can be set proportionately in order to obtain an

even temperature distribution aiong the length of the furnace.



Lateral Loading System

A device used for applying lateral (bending) loads to the test specimen
is shown in Figure 3. ( The linear variable differential transformer, used
for measuring midpoint deflection under lateral loads, has been removed for
clarity in the figure). This apparatus, which facilitates determination
of static and dynamic moduli and material damping characteristics during
creep tests, is mounted on a stand separate from the creep-testing machine
so that vibrations cannot be induced in the specimen through the festing

machine,

Vibration of the specimen is achieved in the following manner. A brass
spring-clip grasps the edges of the specimen at the midpoint, and a thin
stainless-steel tubular rod, which is threaded into a small nut welded to
the clip, leaves the furnace through a horizontal hole. The clip and rod
each weigh approximately | gm. A force of | kg. (2.2 Ib.) is sufficient
to detach this assembly from the test specimen. The external end of the

forcing rod is attached to a vibrator of | kg. capacity by means of a leaf-

n

pring which is lodged in a s!it near the external end of the rod. The
vibrator is powered by a variable-frequency oscillator of 10 - 100,000 cps

capacity, which operates through a 40-watt power amplifier.

The mechanical 1ink formed between vibrator and specimen can be broken for
material damping tests by activation of a solenoid which dislodges the leaf-
spring from the forcing rod, immediately after the oscilloscope, which measures

the vibration decay, is triggered. The triggering circuit is shown in Figure 4.
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The loading link with which static bending load is applied to the
specimen is essentially similar to that described for vibratory load. A
length of copper wire is looped around the test specimen at the lower
third-point, and passes horizontally through a hole in the furnace wall.
The wire is attached to a flexible cord, which passes over a pulley and
from which small weights are hung. The copper wire can be detached from

the specimen while damping measurements are being made. -

In order to achieve the prescribed clamped end conditions under static
bending load, the tension grips are held rigid by auxiliary supports, as
shown in Figure 3. Lateral movement of the loading linkage in the direction
of the bending load is prevented by bringing two horizontal supports into
Jjuxtaposition with tension grips at the hinge line. Rotation of the grips

is prevented by inserting locking pins through adjacent linkage into the
grips.

Load Cells

Two tensile load cells (Figure 5) were designed and manufactured. The
capacity of the smaller !cad cell (shown in Figure 2 in series with the
test specimen) is 125 kg. (330 Ib.) and that of the larger load cell is
1250 kg. (3300 Ib.). The beam-type load cells are equipped with a foil strain-
gage bridge, which gives an output signal of 3.8 mv/v input at capacity load.
The amplified output signal is linear within less than 0.5 percent when read

on a dc recorder, and hysteresis is negligible. With suitable amplification



of the output signal, load differential of 0.! percent of capacity load can
be measured with ease for both load cells. Before calibration both load
cells were subjected to 10,000 cycles of tensile load to 110 percent of

capacity load.

Strain Measurement

Both longitudina!l and bending strain measurements are obtained by use
of two high-temperature wire resistance strain-gages mounted on opposite
faces and at the midpoint of the test specimen. A pair of similar gages
is mounted on an unloaded strip of aluminum, and placed inside the furnace
near the test specimen for temperature compensation of the active arms

of the strain-gage bridge (see Figure 6).

Strain gages used in the program are Kyowa ftype KA-10-Al high-temperature
gages. These gages are of copper-nicke! alloy wire and are asbestos-backed.
When properly installed and stabilized the gages can be used up to a temperature
of 400°C (750°F) for dynamic measurements, and up to a somewhat lower temperature

for static and quasi-static tests.

Curing procedure for the silicon cement used for application of the

strain gages is as follows:



Step Temperature Duration, hr,
s op
! 80 175 |
2 120 250 2
3 180 355 2 (followed by gradual
cooling)

After the prescribed curing cycle for the cemented gage installatien copper-

nickel lead wires are spot-welded to the gage leads.

It wasr found that three or four additional heat cycles of the complete
gage and wire system up to the test temperature are required in order to
stabilize the strain gages. On the fifth heating of the specimen, and affer
exposure for approximately one hour, drift of the strain-gage output ceases.
Calibration of the strain-gage output against an extensometer (at room
temperature) and a dial gage, measuring overall élongafion (at room temperature
and ZOOOC), has shown that the gage factor changes less than 2 percent from room

temperature to 200°C (392°F), as claimed by the manufacturer,

Strains due to either elongation or bending of the specimen are measured
by the single strain-gage bridge. This is achieved by reversing the poiarity
of half of the bridge, and by the use of two balancing potentiometers, as
shown schematically in Figure 7. With the switch in position A-the bridge re-
acts to elongation of the specimen, initial balance being obtained with
potentiometer PA. In order to measure strain due to bending at any time during
a test, the switch is thrown to position B, with the result that the connections

of one active gage and one compensating gage are interchanged and the center
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tap of potentiometer PB is connected to the bridge. The bridge in the
bending configuration is then balanced by use of potentiometer PB. In

this way the zero balance of the elongation configuration (potention-

meter PA) is not disturbed and the bridge returns to its original

setting when the switch is returned to position A. The effect of switching
is less than 3 microinch/inch offset. A calibration resistance can be
connected across one of the arms of the elongation bridge by throwing the

switch to position C.

Recording of Stress and Strain

The output signal of the load cell is recorded on a multichannel dc
oscil lograph equipped with high- and medium-gain amplifiers ( See Figure 2).
The oscillograph is a thermal-pen type and paper trave! speeds vary from
0.4 mm (0.016 in.) ToAIOO mm, (3.93 in.) per sec. The load record can be

calibrated directly in units of stress.

cn the

The separate systems are used for recording strain, dependin

)

conditions of the test. |In the majority of creep tests the longitudinal
strain is recorded on the dc oscillograph. The recorder reaches a sensitivity

of 10 microinch/inch/ scale-division with an accuracy of ¢ 2.5 microinch/inch.

The frequent switching of the automatic temperature control relay of the
furnace (every 5 seconds) causes disturbances on the strain record. This

difficulty has been circumvented by raising the thermostat setting and reducing the



power supplied to the furnace so that the test temperature is held constant
without tripping the thermostat. This procedure requires greater attention
by the operator, to ensure by minor adjustments of the power supply that the
desired temperature is held. Nevertheless the temperature at a point on the
specimen varies less than t |9¢ at 200° C,and the temperature variation along

the test specimen is ¢ 2°c.

The oscillograph is used for creep tests during which the creep rate is
fairly high, the test duration being 10 hours or less. For creep tests con-
ducted for periods of up to one week, at lower creep stress and corresponding-
ly lower creep rate, strain measurements are made on a standard strain-in-
dicator. Other measurements involving small strain readings are also made
on the strain-indicator. Such measurements include longitudinal strain due
to negative increments in creep load, and strain resulting from static lateral

loading.

The dynamic strain signal due to lateral vibration of the test specimen
is fed to an oscilloscope through a differential amplifiér,-and recorded on
high speed photographic film (Figure 2). Accurate caiibration of the signal
is unnecessary, since the record obtained in this case is used for measure-
ments of material damping cnly. However the signal is calibrated by use of
the calibration resistor in the strain gage circuit to ensure that vibratory

strains do not exceed 50 microinch/inch peak-to-peak.

Temperature Measurement and Recording

Three pairs of 0.25 mm. diameter (30 gage) iron-constantan thermocouple

wire are spot-welded to each specimen. Readings from the thermocouple located
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near the midpoint of the specimen are recorded on a strip-chart temperature
recorder with a range of up to 700° (1292°F). The remaining two thermo-
couples are placed approximateiy 20 mm. (0.8 in.) from either end of the
reduced section of the specimen, as shown in Figure 2. Readings from these

thermocoupies are recorded on the dc osciltograph,

The thermocoupie wires as well as the strain-gage lead wires are
supported on the aluminum strip on which the compensating gages are installed.
In this way negligible mass is added fo the specimen by the weight of the

wires.
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TEST PROCEDURE

Each creep specimen is exposed to the test temperature for one hour prior
to test, in order to stabilize the temperature distribution in the furnace and
the strain-gage circuit. After exposure, load is applied by lowering the
weight-cage with the screw-jack until the cage hangs free. The loading rate
is regulated so that a strain rate of approximately .002 in./in./minute s
achieved, as recorded on the oscillograph. Simultaneous recording of stress
and strain permits accurate determination of the value of the strain at the

instant the specimen is fully loaded.

One incremental change in axial load is applied during each creep test
at a predetermined time. The load increments never exceed 6 percent of the
initial creep load. A positive increment is applied by allowing a prescribed
volume of water to drain into a container which has been placed in the weight-
cage before the start of the test. The test continues for one hour after the
change in ioad, and is then terminated. Negative load increment is applied
by remova! of the container, which contains a previously measured quantity of
water, from the weight-cage without disturbing the cage. Generally creep
strain ceases for some time after the removal of the container of water. The
test is allowed to continue until additional creep has occurred for approximately

one hour,

When static bending load is applied at various times during a creep test,

the procedure is as follows: The strain-gage bridge is connected fo a standard
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strain-indicator, switched into the bendiﬁg configuration, and balanced. The
grip locking-pins and horizontal supports are brought into position, and a
preload of 50 gm. (1.76 0z.) is hung from the loading wire. This causes a
strain reading of less than 3 microinch/inch. The purpose of the small pre-
load is to ensure good contact between the grips and the locking pins and
supports, without bending the specimen appreciably. A bending lQad of 500 gm.
(I.1 Ib.) is then applied to the specimen and the resultant strain and mid-
point deflection are recorded. The bending load is immediately removed and
the strain and deflection indications are again recorded. It was found that

this procedure has no measurable effect on subsequent creep strain or strain

rate.

For dynamic measurements the strain-gage output (in the bending configura-
tion) is connected to the ca)ibrated oscilloscope, and the static load wire is
detached from the specimen, The specimen is oscillated laterally at the first
resonant frequency as determined from the amplitude of the strain signai. Care
is taken that the vibratory strain does not exceed 50 microinch/inch peak-to-peak.
This magnitude of vibration has no measurable effect on the creep results. The
resonant frequency is measured with an accuracy of t | cps by use of an electronic
counter connected across the terminals of the variable~frequency oscillator,

(See Figure 2)

Material damping measurements are made by photographic recording of the
vibration decay appearing on the screen of the oscilloscope when the mechanical
link between the vibration and the test specimen is broken. The triggering circuit
of the oscilloscope is fired at the same time as the mechanical break is made, as

described in the previous section.
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LINEAR EQUATION FOR CREEP AFTER INCREMENTAL CHANGE IN STRESS

Perhaps one of the most influential factors which determine the outcome
of any analysis of creep is the choice of a stress-strain-time, or creep,
equation. In the manner of Ref. 14 a linear operator equation was chosen to
describe the effect of an incremental change in stress on creep behavior in

the form

P (o)

Q (e) )

where P and Q are |inear operators of the form

n ar n ar
P=1I p. — , Q0= 1L q —f respectively,
o 8t o 3+

and 0 and € are the increment of stress and the corresponding strain

respectively (see Fig. 8). |f o 1is much smaller than Oy » the stress before

the stress-change,and Eq. (1) is assumed to hold only in the nejghborhood of fo’

the time at which the stress was changed, then Pr and q,. are function§of % and foonly.
Specifically Eq. (1) determines the additional creep occurring after the

stress-change, relative to the creep which would have occurred if the stress

had remained at the original level. Eq. (I) is quite general and solutions

corresponding to or approximating many empirical creep relations can be obtained

from it, depending on the number of terms chosen in the differential equation.

For example, if n = 2, 9, = 0, and initial conditions are as stated, Eq. (1)

may be solved by operational methods (Ref. 17) to give the strain resulting

from the stress increment as



P, PG, P P, PG, P q
Exol L -2% + 2t -ty e 2e 22 by o[- Lt - 1]
9@ 9 9 2 qf W a2

(2)
as obtained in Ref, 14, Eq.(2) is the simplest solution obtainable for the
initial conditions considered , since solutions of Eq. (1) with n = 3 or
q, = O (or both) contain both trigonometric and hyperbolic functions, which

are difficult to apply to the normal creep curve.

It will be noted in Eq. (2) that strain is directly linear with the
stress; that is, doubling of the stress will result in doubling the strain.
Although this characteristic is convenient from the mathematical standpoint,
linear behavior of this type in engineering materials might be expected to be
the exception rather than the rule. For cases in which the linear solution
proves inadequate, agreement between theory and experiment may be improved
by substituting a suitable function of stress, f(g), for ¢ in Eq. (1), so

that

PL f(o)] = Qle) (3)
In the case of a constant increpent of stress, for example, the function
f(o)is independent of time with the result that .the Laplace tranforms of f(o)
and its derivatives with respect to time contain the function f(o) in the
first degree explicitiy. Thus f (o) may be factored out of the transformed

equa*ion and the solution Eq. (2) is again obtained, except that f (o) must

be substituted for o. This procedure introduces nonlinearity of the creep

behavior along the stress axis into the analysis.
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METHODS OF ANALYSIS OF EXPERIMENTAL DATA

As an initial approach to the analysis of experimentai creep data, the
material creep after an incremental change in sfress:was assumed to be a
linear function of the sTfess increment, Therefore Eq. (2) could be taken as
the creep relation, so that data reduction involves determination of the values
of the constants in the equation, followed by investigation of the degree of
linearity observed in the experimentai results. The procedure developed for
determining the constants will be described in this section. Methods used for
determination of static and dynamic moduli as wel! as material damping characteris-
tics, from data obtained in static and dynamic bending tests during creep, will
also be presented. Extensive use is made of the electronic computer for most of

the calculations.

Determination of Creep Constants

Values of the creep constants appearing in Eq. (2) are calculated from the
gmount of strain due to the incremental stress-change o at time fo’ This
amount of strain is determined from the test data as the total strain minus the
strain at the basic stress O extrapolated beyond To' The method of extra-
polation of creep data is critical when the creep strain involved is on the order
of 0.5 percent or less, as in the present instance. The extrapolation technique
is especially important when the change in stress is small, causing a corresponding-
ly small effect on the strain. Therefore it is necessary to fit the creep data

obtained under % to a suitable empirical expression for purposes of extrapolation.
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Reference to the typical creep curve shown to logarithmic scale in
Figure 9 indicates that a suitable empirical relation describing the creep

strain €er before change of stress is of the form

€cr = afb (4)

where a and b are constants. The empirical constants are determined for each
creep test by the method of least squares. |t is of interest to note that the
average value of b obtained from [2 creep tests at 200°C (392°F) was 0.35, the
scattar bond being *0.046. The value obtained for b is in good agreement with
the classical value of I/3 (Ref. 18). Extrapolation of the creep curve in
accordance with Eq. (4) beyond time TO permits the determination of the additional
strain caused by the stress increment applied at *o’ and thence the value of

constants in Eq. (2).

The form of Eq. (2) is not amenable to direct machine computation of the
constants, However these may be conveniently computed by use of a process of
graphical differentiation. The procedure, which is described in Ref. 19, is as

fol lows:

Eq. (2) may be written in the form

€ = ko + Kto- k2 exp (—kST) (5)
where
P P2
ko = — = 3
9 Ry



Py P2 PoP2
ky = — - = 7
q, q q)
K A
3 a5
and
T = + - *o

Differentiation of Eq. (5) twice with respect to t yields the expression

2
3

[«%

_ 2
= - k2k3( - k31) (6)

N

dt
or by substitution in Eq. (5):

2
22 - Kkle - k_- k1) (7)
3 o

dTZ I

The constants ko’ k' and k3 may be calculated from Eq. (7) by the method

of least squares. The remaining constant k2 is then determined by substituting

the values of ko’ kI and k3

least squares. However, in order to solve for the constants in Eq. (7),
dzs

— must be determined against 1 from the experimental data.

dt

into Eq. (5) and by again applying the method of

If the strains €:s corresponding to times T, are given at constant time

intervals, that ic
T, -1, = At (8)

then the second derivative of any €; with respect to time may be obtained by

differentiation of the Stirling interpolation formula (Ref. 19):
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dzei
2

dt (A1)

1
= I |
= 5 [(Fli_zei)_ T§4F2i—4Fli+6si)+ o~ F 4 -6F i+|5Fli—20€i) +..E] (9)

90" 31 T 2

in which the terms FJi are defined as

Fji = ei-j + €i+j (10)

For conservative functions Eq.(9) converges rapidly for a suitable choice of
At and the first three terms of the series, as presented here, are generally
sufficient for purposes of computation. Note, however: that in Eq. (9) the
third term on the right is not defined at the first three and last fhfee data
points. Depending on the data being analyzed this deficiency could be a cause
for concern, although no difficuities have arisen in the processing of creep
data in the present investigation. Possible errors due to loss of end points

in the graphical differentiation are corrected when k, is subsequently evaluated

from Eq. (5).

Determination of Dynamic Modulus During Creep

The dynamic modulus of a material may be determined by measuring the resonant
frequency of vibration of a beam made of the materiai. For a beam with clamped

ends and rectangular cross-section, the resonant frequency is given by the relation

f = 0.288 0—7- —_— e

where fn is the resonant frequency (in cps) for mode n = |, 2, 3, ...
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h is the beam thickness in the direction of vibration

£ is the beam length

Ed is the dynamic modulus

g is the acceleration of gravity

w is the specific weight of the beam material
and C is a constant dependent on the vibrational mode n and on the
end conditions of the beam. For a clamped-clamped beam and n = |, for
example, C = 3,58; for n = 3, C = 19.2, Thus the dynamic modulus is given by
the equation

i _(o.zaac fnzz)z y -

d "\~ h ]
During creep at elevated-temperature the length and width of the beam

change with temperature and strain. The length is defined as

2= 1+ o) (1 +¢) (13)
and the width as

h = ho (I + aAT) (1 - ue) (14)

in which
lo and hO are the initial length and width, respectively, at
room temperature
a is the coefficient of linear expansion
AT is the difference between the test temperature and room

temperature
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€ is the total longitudinal strain
and

u is Poisson's ratio.

When the change in length and width is taken into account, and terms of

second and higher order are neglected, Eq. (12) becomes

2\ 2
.. 0.288 C f_ %2 W <| + 20AT + 45) (15)

d ho g I - 2ue
Generally the Poisson effect can also be neglected.

Measurement of Material Damping

When the resonance peak is fairly sharp, as is the case in the work
presently in pragress, material damping is measured most conveninently by
photographing a record of the vibration decay occurring at resonant
frequency of the specimen when the driving force is removed. The damping

coefficient § is then given as the logarithmic decrement by the equation

A
2
tn A
< = n (16)

where A0 and An are the amplitudes of vibration n cycies apart,(Ref 20).

Determination of Static Modulus During Creep

Evidence exists (Ref. 14) indicating that the static modulus of a
material for increasing stress may decrease significantly during creep. |f

such is the case in general, determination of the variation would have an
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important bearing on the results of creep-buckling theories. The static
modulus can be obtained by momentarily applying a small bending moment

to the creep specimen and measuring the strain and deflection due to

bending. |f the static modulus does indeed decrease during creep, deform-
ation due to the superimposed bending moment will correspond to a combination
of two material stiffnesses. The side of the specimen which is subjected to
negative bending stress will unload and deform along the elastic modulus

line. The side subjected to positive bending stress will deform in accordance
with the static modulus at the creep stress. With the additional assumption
that plane sections remain plané after bending, a reduced or effective modulus

ER for a beam of rectangular cross-section is obtained in the form

4EEcree
Ep = P (7
2
(fE + Ecreep)
where E is Young's modulus and Ecreep is the modulus for increasing creep

"
stress. Eq. (17) corresponds to the reduced modulus obtained by von Karman
for the inelastic beam (Ref. 21). The reduced modulus ER is related to the

bending moment M by the equation

M

- ERI/p (18a)
ERI
— e € (18b)
h ('f - ;)
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In Eq. (I18) I is the moment of inertia of the specimen cross-section,
p is the curvature, and €4 and €. are the outer-fiber strains

corresponding to the tensile bending and compressive bending stresses
respectively. Thus the modulus during creep, Ecreep’ can be obtained
by use of Eqs. (17) and (18b) in conjunction with measurements of the

instantaneous strain (€4 - €.) induced by the bending moment M, which

can be calculated.

The bending moment applied to the test specimen may be ascertained
by conventional virtual work and superposition methods (Ref. 22).
With reference to Figure 10, if x, = 2/3, the bending moment at the

midpoint of the beam is given by the relation

We
oW (19)
Me=e/2 8 HY y=0/2

where W and F are lateral and tensile loads respectively, and Yy -g/2
is the deflection of the beam specimen, experimentally measured at

the midpoint.
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PRELIMINARY EXPERIMENTAL RESULTS

In this section results of a number of early creep tests
conducted in the program will be presented. Since these results
represent a small part of the data being generated in the program,
the discussion of the results will be minimal and no general

conclusions should be drawn at this juncture.

Stress-Strain Behavior

Typical stress-strain curves obtained from commercially pure
aluminum specimens, in the fully annealled condition, are shown in
Figure Il. Values of elastic modulus were 7,000 Kg/mm2 (10 x IO6 psi)
at room temperature and 6,500 Kg/mm> (9.25 x 10° psi) at 200°C (392°F).
Yield stress was found to be 2.16 Kg/mm2 (3,060 psi) at room temperature
and .75 Kg/mm2 (2,480 psi) at 200°C. At room temperature the ultimate

strength was 7.45 Kg/mm2 (10,600 psi) with a total elongation of 55

percent.

Creep under Basic Stress

As mentioned earlier the creep curve under the basic stress, i.e.
before change of stress, at a temperature of 200°C is well characterized
by Eq. (4) (see Figure 9). Values of the constant b were approximately
0.35, and the value of constant a appeared to be an exponential function

of the stress, as often found in the literature (e.g. Ref. 11).
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Creep after Incrementa! Change in Stress

Preliminary results of creep data, obtained from the specimens
reported on in the previous paragraph, after sma!! positive and }
negative changes in tensile stress are presented in Figures 12
and 13 respectively. Terminology used in the figures corresponds
to that of Figure 8. Results are plotted in terms of the creep
compliance, that is, net strain caused by the stress increment,
divided by the absolute value of the stress increment, against time
after the change in stress. in ail fest resuits shown in Figures

12 and I3 the time at which the stress was changed was 5 hours,

The creep compliances obtained after positive change in stress
(Figure 12) appear to fall on a singie curve, within the limits of
experimental scatter. Results indicate that, at least for stress
increments up to 6 percent of the basic stress, the strdin is linear
with stress increment for Th{s materiai. The dependence of the
constants in Eq. (2) on basic stress, time of stress change and the

test temperature remains fo be determined.

Creep compliances obtained after negative change in stress
(Figure 13) do not appear to substantiate Eq. (2) in their present
form. The behavior after the stress change is characterized by a period
of recovery during which negiigible creep occurs. At a later time,
dependent on the magnitude of the change in stress, the creep process
is resumed. Results shown in Figure (i3) have been replotted in

Figure (14) with the omission of the recovery time. The curves of
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Figure (14) now appear to show [inear dependence on the stress
decrement, in agreement with Eq. (2), although the experimental

scatter is somewhat broader than for positive stress changes.

The dependence of recovery time after negative stress change
on the stress decrement is presented in Figure 15. Preliminary
results indicate that at constant temperature the recovery time varies
inversely with the basic stress and is a logarithmic function of the
stress decrement. An analytical description of the total effect of
negative stress change, inciuding the recovery time, is part of future
work in the research program. The analysis is based on a model of
dislocation motion in the material, as proposed in the literature

(Ref. 23).

CONCLUDING REMARKS

Experimental equipment and procedures have been described, and
methods used in analysis of the data obtained have been presented.
Preiiminary cireep results obtained from commercially pure aluminum
sheet at 200°C indicate behavior affer an incremental stress change in

accordance with a [inear viscoelastic type of analysis.

Work presently in progress is directed fowards determination of
the dependence of the constants appearing in the analytical equations on
the value of the basic stress, the time of stress change and the test
temperature. A similar investigation as that being carried out with
commercially pure aluminum will be conducted on AU-4G! aluminum-alloy

sheet material.
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F16..- 5 1250KG AND 125KG CAPACITY LOAD CELLS

FIG., 6 INSTRUMENTED TEST SPECIMEN IN TENSION GRIPS
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FIG. 10 BEAM ON FIXED SUPPORTS AND SUBJECTED

TO CONCENTRATED BENDING AND TENSILE
FORCES
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